We present a five dimensional supersymmetric SO(10) model compactified on an orbifold
Introduction
The recent SuperKamiokande [1] , [2] and KamLAND [3] data have provided increasingly strong evidence for oscillations between active neutrino flavors. Namely, the atmospheric neutrino deficit is due to (near) maximal ν µ → ν τ oscillations with sin 2 2θ µτ ≃ 1 , ∆m 2 atm ≃ 3 · 10 −3 eV 2 ,
while the preferred solution for the solar neutrino anomaly is the large mixing angle (LMA) solution with ν e → ν µ,τ oscillations, such that sin 2 2θ eµ,τ ≈ 0.8 , ∆m
These developments require a physics beyond the Standard Model (SM). The most popular extension is the introduction of right handed (SM singlet) neutrinos with superheavy Majorana masses, which induce suppressed neutrino masses through the see-saw mechanism [4] . A consistent framework for the solution of the gauge hierarchy problem is provided by supersymmetry which leads one to think that a supersymmetric GUT theories such as SO (10) are quite compelling. In building realistic models, in addition to the neutrino data, one should also take into account the charged fermion sector and see how these two sectors blend together. The three quark-lepton families display a clear intergeneration hierarchy. Only the top quark mass [m t = (174.3 ± 5.1) GeV] is close to the electro-weak symmetry breaking scale, which means that the top Yukawa coupling λ t ≃ 1. Introducing the parameter ǫ ≃ 0.2 (close in value to the Cabibbo angle V us ) one can express the hierarchies between the Yukawa couplings as follows:
λ e : λ µ : λ τ ∼ ǫ 5 : ǫ 2 : 1 .
As far as the CKM mixing angles are concerned, they have relatively small values
It is a challenging task to provide a compelling framework for understanding the origin of the small CKM mixing angles in (6) versus the large neutrino mixings. The hierarchies in (3)- (5) also should be adequately understood. Some flavor symmetry is well motivated in this context, and one simple choice is provided by an abelian U(1) symmetry, which can be successful in building the desirad charged fermion [5] , [6] and neutrino [7] - [16] sectors. With a U(1) symmetry, the variety of textures for neutrino mass matrices can be constructed, giving either maximal or large neutrino mixings. This has been pursued within νMSSM [7] , meaning that MSSM is augmented by right handed neutrinos and U(1) flavor symmetry, and in some cases yields interesting predictions. The same approach has been used in realistic GUTs such as SU(5) [8] , SO(10) [9], G 422 ≡ SU(4) c × SU(2) L × SU(2) R [10] , flipped SU(5) [14] , pseudo-Goldstone SU(6) [11] and E 6 [12] . A U(1) symmetry was also used within SU(6)×U(1) [16] , SU(3) c ×SU(3) L ×SU(3) R [17] and SU(6) × SU(2) [13] 3 . An interesting possibility, different from models relying on specific textures to obtain large neutrino mixings is the so-called democratic approach [20] , [14] , [15] , in which all flavors of left handed lepton doublets l α (α = 1, 2, 3 is a generation index) transform identically under U(1). That is, the flavor symmetry does not distinguish neutrino flavors and consequently one naturally expects large mixings between them. At the same time, the U(1) symmetry is still crucial for understanding hierarchies between charged fermion masses and the CKM mixing angles. It was shown in [14] that within the MSSM, neutrino democracy nicely blends with the charged fermion sector, but within SU(5) one encounters difficulties. Namely, with U(1) flavor symmetry and neutrino democracy, SU(5) GUT with minimal matter content gives unacceptably small V us (∼ ǫ 3 ∼ 1/125). The root of this problem is in unified SU(5) multiplets where the quark-lepton states come from. Similar difficulty can also be expected in other GUTs with matter states embedded in a single GUT representation. It is possible to avoid this problem either by considering extended GUTs such as flipped SU(5) [14] or constructing SU(5) GUT in five dimensions [15] . With a minimal matter sector these theories typically yield unsatisfactory Yukawa matrices, such asM
e ,V CKM = 1 in SO (10) . This indicates the need for an extended matter sector as one possible way to resolve these problems.
We also note that orbifold constructions [21] - [31] turn out to be very efficient and powerful in resolving GUT problems such as doublet-triplet (DT) splitting, nucleon stability, unwanted asymptotic relations, GUT symmetry breaking etc. For earlier attempt within superstring derived models see for instance ref. [32] . In addition, the five dimensional setting offers an economical way to realize neutrino democracy as well as the desired charged fermion pattern [15] . Within the orbifold construction, different ways for realizing large neutrino mixings in the presence of U(1) symmetry were considered in [30] , [31] . The scenarios with democratic approach have some peculiar features which can be tested in future experiments. Namely, models with democracy between l α states predict that BR(µ → eγ) ∼BR(τ → µγ) ∼BR (τ → eγ). Also, SUSY GUT democratic scenarios yield nucleon decay with emission of charged leptons e, µ with comparable partial lifetimes τ (p → Ke) ∼ τ (p → Kµ). This would distinguish them from models in which the process p → Kµ dominates.
In this paper we present a 5D SUSY SO(10) GUT augmented with U(1) flavor symmetry. By orbifold compactification, on one of the fixed points we realize the gauge symmetry G 422 [25] 4 . To implement neutrino democracy and obtain realistic charged fermion masses, some additional matter states play a crucial role. They can be introduced either in the bulk or directly on the fixed point (so, this model differs from a recently suggested scenario [31] , where an abelian flavor symmetry also plays an important role). Once this extension is done, we find that neutrino democracy is an automatic consequence of the model. Due to left-right symmetry at the fixed point, the mass of the lightest right handed neutrino is predicted to be ∼ 6 · 10 10 tan 2 β GeV (tan β is a ratio of VEVs of the MSSM higgs doublets). This scale can be interesting for understanding the observed baryon asymmetry either through thermal or inflationary leptogenesis [33] , [34] , [35] . The question of nucleon decay is also addressed and it is shown that under certain conditions the nucleon can be absolutely stabile. This may be answer to the question of why the search for proton decay has been unsuccessful (at least so far!). In some other schemes that we consider, dimension six proton decay may be accessible in future experiments. We also discuss rare leptonic decays and some other phenomenological consequences.
5D SUSY
We consider a supersymmetric (SUSY) SO(10) gauge theory in five dimensions (5D) compactified on an
orbifold. In terms of 4D superfields, 5D N = 1 SUSY multiplets correspond to 4D N = 2 supermultiplets. The gauge superfield is V N =2 = (V, Σ), where V and Σ are vector and chiral superfields respectively, transforming in the adjoint of SO (10) . For bulk matter and higgs superfields, each chiral state Φ is accompanied by its mirror Φ, so that they constitute an N = 2 supermultiplet
, it is possible to break SO(10) → G 422 on one of the fixed points. In terms of G 422 , an adjoint 45 of SO(10) reads
where the transformation properties under G 422 are indicated. The fifth space-like coordinate y of 5D parameterizes a compact circle S (1) with radius R, and the orbifold parities act as follows:
, the bulk states have definite parities (P, P ′ ) = (+, +), (+, −), (−, +), (−, −). The KK masses of the corresponding states are
where µ 0 = 1/R and n = 0, 1, 2, · · · denotes the quantum number of the KK state in mode expansion. From (8) one observes that only states with (+, +) parity contain zero modes, while the remaining states acquire masses ∼ µ 0 . The various components from V (45), Σ(45) are assigned the following
At the fixed point y = 0, we have the residual gauge symmetry G 422 , while at the fixed point πR/2 we find a SO (10) symmetry. Both at y = 0 and y = πR/2, we also have 4D N = 1 SUSY leftover from the original 5D N = 1 SUSY. In order to build the fermion sector at y = 0 and arrange for G 422 breaking down to the MSSM, we should introduce matter and higgs superfields. It turns out that by introduction of appropriate states in the bulk, it is possible to obtain the desired zero mode representations of G 422 [37] . For this, one needs to introduce additional states [23] , the so-called 'copies' (see 1 st and 3 rd in ref. [24] ) in the bulk. Namely, we introduce 16
) (for each generation) where, under G 422
and similarly for 16 F , 16
. With the parity prescriptions
and opposite parities for the corresponding mirrors, taking into account (9), one can verify that Z 2 × Z ′ 2 is a symmetry of the whole 5D Lagrangian. According to (11) , at y = 0 we have the zero modes of F , F c states, which effectively constitute an anomaly free 16-plet of SO (10) . As far as the higgs sector is concerned, the breaking of G 422 to MSSM proceeds through the VEVs of H c , H c states, where the transformation H c under G 422 is indicated in (10) . The zero modes of these states are obtained by introducing the supermultiplets As far as the bi-doublet h (containing the MSSM higgs doublets) of G 422 is concerned, it comes from the 10-plet of SO (10) . In 5D we introduce 10
, where in terms of G 422 ,
while 10 h , 10
and opposite parities for the corresponding mirrors, at the y = 0 brane (fixed point) we find non-vanishing zero modes from the h, D states. It turns out that the G 422 model with minimal field content encounters difficulties in realizing a realistic fermion sector. To cure this problem, following [10] , we introduce in the bulk three families of 10
) states where, under the
With parities
and opposite parities for corresponding mirrors, three families of f and g have zero mode states. In summary, the G 422 representations which contain zero modes and with which we will deal below are the matter states:
(α is the family index), and the 'scalar' supermultiplets:
3 Model At Fixed Point y = 0
Five dimensional SUSY does not allow Yukawa and higgs superpotential couplings in the bulk. Because of this, we will construct the 4D theory at the fixed point y = 0. We employ the 4D superfield notation after appropriate rescaling from 5D fields. The breaking of G 422 to G 321 can occur through the H c , H c states of (19) . These states contain the MSSM singlets ν c H , ν c H , whose non-zero VEVs break the G 422 to the G 321 [38] . In fact, these VEVs break SU (4) 
is a subgroup of SU (4) c , while U(1) Y is a superposition of two U(1) factors coming from SU(4) c and SU (2) 
where Y SU (4)c and Y SU (2) R are generators of SU (4) c and SU(2) R respectively
In (20), the Y hypercharge is given in the 'standard' SU (5) normalization
Another superposition, orthogonal to (20) , is broken by ν 
Charged Fermion Masses And Mixings
The three families of F α , F 
these couplings lead to phenomenologically unacceptable asymptotic relationsŶ
e ,V CKM = 1. To avoid this, we extend the matter sector of G 422 by invoking the states (f + g) α of (18) . The content of the latter reads
This extension is important for building the desired charged fermion sector [10] , and is also crucial for the realization of neutrino democracy. We further introduce a U(1) flavor symmetry for help in realizing the desired hierarchies. To break U(1) we introduce an SO(10) singlet superfield X with charge Q X = −1. We assume that the scalar component of 
where M f is the cut-off scale of the theory.
In Table 1 we present the U(1) charges for the various states, where m, n, p, q, k are some non negative integers, to be specified below. The charges of F , F c states are fixed from the values of CKM mixing angles and hierarchies between the up-type quark masses. With these assignments, the couplings responsible for the generation of up-type quark masses are given by
which, upon diagonalization, yield the desirable hierarchies in (3) .
Turning to the down quark and charged lepton sector we will need the g α and f α states. From (24) , g and f contain fields with the quantum numbers of d c and l. With the U(1) charge prescriptions of Table 1 , the couplings are
After substitutution of H c , this ensures the decoupling of d 
the hierarchies in (4) can be realized. Since the left-handed quark doublets q α reside in F α , from (26) , (28) , one can also expect that the desired values in (6) for CKM matrix elements can be realized. As far as charged leptons are concerned, with the charge assignments in Table 1 , the F α f β H c type couplings have the structure
Substituting in (29) the VEV H c , one can easily verify that the l F states decouple together with l f . Therefore, the light left-handed lepton doublets l α arise from f α . Since the f α have identical transformation properties under U (1), we see that democracy between the l states is realized! The couplings responsible for charged lepton masses are
Diagonalization of (30) leads to the required hierarchies in (5) . Note that the up quark mass matrix (26) selects Q[F Summarizing this subsection, with the help of additional (f +g) α states and U(1) flavor symmetry, we have obtained the desired charged fermion masses and mixings within 5D SUSY SO(10) model with G 422 symmetry realized at the fixed point y = 0. Below we discuss details of the neutrino sector.
Democracy For Bi-large Neutrino Mixings
The right handed ν (30), which is also responsible for the charged lepton masses. Thus, due to SU(2) R symmetry which relates ν c with e c and h u with h d , we havê
This relation allows us to estimate the Majorana mass of the ν 
which gives
Taking into account (31), we have
With hierarchical masses for neutrinos (which indeed must be the case for a democratic scenario), we have m ν 3 = ∆m R is relatively low which opens up an interesting possibility for implementing either inflationary [34] or thermal [35] leptogenesis.
Due to l-democracy, one could naively expect that m ν 1 ∼ m ν 2 ∼ m ν 3 . This scale for ν 2 would be inappropriate for resolving the solar neutrino anomaly. To avoid this, some care should be exercised. One way is to introduce SO (10) 
integration of the N state can generate the scale relevant for the solar neutrino anomaly. Let us consider the scheme in some detail. From (31) , the ν c − l and e c − l couplings are diagonalized simultaneously. Although the introduction of N 1,2 makes ν c 1,2 irrelevant, it is still convenient to work with basis in which the matrices in (31) are diagonal. In this case, the lepton mixing matrix will coincide with the unitary matrix which diagonalizes neutrino mass matrix, with non-trivial neutrino mixings coming from the right handed neutrino sector, i.e. from the ν . Taking into account all this and also (33) , (36) , the relevant matrix is given by
where we have defined
. From (37) one sees that ν c 3 − N mixing plays an essential role. Namely, to have large ν µ → ν τ oscillations, one should have λ 2,3 ǫ ′ ∼ λ τ . Having in mind that ǫ ′ ≪ 1, we also have λ τ ≪ 1, which means that tan β is not large, but has either a low or an intermediate value. Integrating out N and ν c 3 in (37), we obtain the light neutrino mass matrix
where
The scales m, m ′ correspond to atmospheric and solar neutrino anomalies, so m ≫ m ′ . For analyzing the neutrino mass matrix, it is convenient to rewrite (38) ,
The value of δ is small and is responsible for the non-zero mass of ν 2 . From (40), assuming
As expected, the neutrino masses are hierarchical, with ∆m (39) , (42), we see that the relevant scale for the solar neutrino anomaly m ν 2 ∼ 10 −2 eV is generated for M N ≃ (3 · 10 11 tan 2 β/ǫ ′2 ) GeV. With ǫ ′ ≃ 0.2 and tan β = 1 − 60, M N ≃ (10 13 − 3 · 10 16 ) GeV. For the atmospheric neutrinos, m ν 3 ≃ 5 · 10 −2 eV is generated with the M
R scales indicated in (35) . As far as the mixing angles are concerned, from the structure of (40), (38) , with
′ , taking into account (39), (41), one naturally expects large neutrino mixings sin
as intended.
As was emphasized in [14] , [15] , within the democratic approach, one also expects a large value for the θ 13 mixing angle. On the other hand, the CHOOZ data [39] requires θ 13 < ∼ 0.2(≃ ǫ), so that some cancellation among the parameters is needed. If future measurements turn out to favor a much smaller (≪ ǫ) θ 13 , some modification of the demoratic approach would be required.
Particle Spectra And Gauge Coupling Unification
Below the symmetry breaking scale of G 422 (v ≃ M G ), the massless gauge fields are just those from the MSSM. However, there are some additional vector like supermultiplets with masses below the GUT scale M G . From (27) and (29), it is easy to see that the masses of decoupled color triplets and SU(2) L doublet states respectively are
With the U(1) charges in Table 1 , the superpotential couplings
yield masses
for the colored triplet states from 'scalar' supermultiplets. In the simplest case, one can assume that the compactification scale µ 0 and the G 422 breaking scale are close to M G (≃ µ 0 ≃ v). On the other hand, from (44), (46) we see that with m, n, p, q = 0, below the scale v there are additional states which contribute, together with the MSSM states, to the renormalization of the gauge couplings. For the strong coupling constant in particular,
where the first term on the right hand side corresponds to the value calculated in minimal SUSY SU (5) [MSSU (5)]. In order to preserve the MSSU(5) prediction, one should take
, which taking into account (44), (46) gives the relation 3n + p + q + 3 = 3m .
If in the right hand side of (48), 3m is replaced by 3m + c (c=1, 2), one would have the possibility to reduce the somewhat large value of α 3 (M z )(≃ 0.126) predicted by MSSU5 [40] . Thus, a proper selection of the integers m, n, p, q can yield successful unification with additional matter states playing a crucial role.
Thus, for nucleon stability it is crucial that the triplets from the D state do not couple with the matter fields. It is easy to check, using (50), that the couplings
are forbidden. Thus, d = 5 operators from the color triplet exchange are absent. As far as the Planck scale d = 5 operators of (49) are concerned, one can also verify that the couplings
from which these operators could emerge, are also forbidden. In principle, in (51) instead of zeros, entries of the order of SUSY breaking scale m S ∼ 1 TeV can be expected. The latter can come from the Kähler potential after SUSY is broken. By the same reasoning, operators (53), (54), suppressed by m S /M f , may also emerge. However, proton decay is then strongly suppressed and essentially unobservable. We conclude that through a proper R-charge selection, dimension five nucleon decay is eliminated.
Turning to dimension six nucleon decay, with all matter supermultiplets introduced in the bulk, the 5D bulk kinetic terms are irrelevant for nucleon decay [23] . This follows since through the exchange of V X , V Y bosons, the quark-lepton states are converted into heavy states with masses of order 1/R. A different source for d = 6 nucleon decay can be brane localized operators, which respect G 422 and the orbifold symmetries. This kind of operator has the form [27] δ(y)ψ
where ψ 1 and ψ 2 denote appropriate matter superfields with zero modes, andV ,Σ are fragments from the coset SO(10)/G 422 . In order for these operators to be invariant under U(1), either the multiplier (X + ) Q 1 X Q 2 or X Q 2 −Q 1 should be present, where Q 1 , Q 2 are the U(1) charges of ψ 1 , ψ 2 . If either Q 1 , Q 2 or Q 2 −Q 1 is not an integer, the corresponding operator is not allowed. The operators
charge (n − m)/2 and will not be allowed for n − m = 2k ′ + 1 (k ′ is an integer). Thus, with the help of U(1) symmetry, dimension six nucleon decay can also be avoided [15] within 5D SUSY SO(10) GUT.
Alternatively, if the selection n − m = 2k ′ is made, the appropriate operators will be allowed with a suppression factor ǫ k ′ . Together with this, there will appear additional powers of ǫ, coming from the U(1) charges of the light families. The appropriate amplitude has at least an ǫ 2 suppression. Consequently, the amplitudes are proportional to ǫ 2k ′ +2 , which even for k ′ = 0, gives an enhancement factor ∼ 650 for the lifetime, in comparision to the estimates in [27] . This is well within the current experimental bounds [36] . It is interesting to note that the operator ǫ
, relevant for decay with emmision of charged leptons, would give τ (p → Ke) ∼ τ (p → Kµ). This happens due the fact that the l α states all have the same U(1) charge.
To conclude this section, we note that the mass term for the bidoublet h is forbidden by R-symmetry and therefore at this level the µ-term is zero. This gives a good starting point for the resolution of SUSY µ problem, although some mechanism [41] , [42] for its generation should be applied. The same R-symmetry also forbids all matter parity violating operators otherwise allowed by the symmetry G 422 . That is, together with the suppression of d = 5 baryon number violating operators and µ-term, the R-symmetry also ensures automatic matter parity [43] , [10] .
5 Rare l α → l β γ Decays
In our scenario neutrino masses are generated by the see-saw mechanism and within the SUSY framework, it turns out to be also the dominant source for lepton flavor violating (LFV) rare processes [44] such as l α → l β γ. Since the masses of the right handed neutrinos are below the GUT scale, they contribute to renormalization so that universality (assumed to hold at high scales) among the soft slepton masses is violated. For non-universal contributions, the relevant scales are those where the corresponding right handed neutrinos decouple. It is convenient to work with a basis in which the right handed neutrino mass matrix is diagonal. The non-universal contributions to the slepton masses are then
where we have assumed universality and proportionality at M G . Also, in (56) SUSY breaking occurs through N = 1 SUGRA. TheỸ ν comes from the term N ′ RỸ ν lh u , and N ′ R denotes the right handed neutrino state in a mass eigenstate basis. From (37) ,
From (56) 
Thus, the N state provides the dominant contribution to LFV. Due to democracy, the λ α couplings all have similar values, and therefore one can expect This is a characteristic signature of the democratic scenario. More precisely, taking into account that λ α ∼ λ τ /ǫ ′ , eq. (58) and the expressions given in [45] , the branching ratios are
In order to satisfy the most stringent bound BR(µ → eγ) < ∼ 10 −14 [46] , for m S ∼ 1 TeV, [and if there is no cancellation in (60)], one should take λ τ /ǫ ′ ∼ 5 · 10 −2 . With ǫ ′ ∼ 0.2 this gives λ τ ∼ 10 −2 , indicating a preference for low tan β regime, which is also suggested by the charged fermion and neutrino sectors.
In conclusion, let us note that in contrast to previously discussed LFV scenarios [47] , our scheme predicts 'democracy' in the sector of LFV rare processes which hopefully can be probed in the near future.
Conclusions
We have presented a realistic model of charged fermion and neutrino masses and mixings in which a number of key ideas play an essential role. Namely, SO(10) grand unification, an extra dimension, orbifold and higgs breaking and an abelian U(1) flavor symmetry. Some additional states are introduced in order to realize a democratic approach in the neutrino sector, while yielding the CKM mixings in the quark sector. Note that it is possible to replace U(1) with a discrete symmetry, or with a vectorlike 5D gauge symmetry [48] . The issue of proton stability is resolved and interesting predictions for rare leptonic decays have been obtained.
